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This study explores the palynology of the Cenomanian Woodbine Group in order to 
answer questions about the paleoecology of North Texas during the Cenomanian and how 
palynofloras vary at different localities with different facies, as well as the radiation of 
angiosperms in the Late Cretaceous. This study also helps our understanding of the paleoecology 
after the Albian Trinity Group in Texas. Three localities in North Texas were sampled and a total 
of seventeen productive samples were analyzed for palynological data. Pollen was extracted 
from mudstones from two depositional environments: lower delta plain marshes and a 
meandering river system. The palynomorphs recovered represent sixty-one unique taxa. The 
sample localities show the changing composition of marsh environments through the 
Cenomanian, including changes from cycad brackish water swamps to cypress swamps to palm 
swamps. The samples also show an increasing dominance of angiosperms through time. The 
overall paleoecology of the Woodbine is determined to be sub-tropical to tropical near shore 
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 The goal of this research is to document the Early Cenomanian plant communities along 
the eastern margin of the Western Interior Seaway, as represented by palynological assemblages 
in sediments of the Woodbine Group. Characterization of the sediments in two stratigraphic 
sections, along with quantitative analyses of palynomorph composition and abundance variations 
aim to answer the following questions: (1) What pollen types are represented in the Woodbine? 
(2) How do pollen assemblages vary in different localities? (3) Do pollen assemblages record an 
increasing dominance of angiosperms expected during this time interval? Answering these 
questions will achieve the following hypotheses: (1) palynomorph composition and abundance 
variations among samples are related to sedimentological compositions; depositional facies 
influences palynological assemblages. (2) The Woodbine Group documents post Albian, 
Cenomanian emergence of angiosperm dominance on landscapes at mid-latitudes along the 
Western Interior Seaway. The significance of this research is that it will establish paleoecology 
after the Albian Trinity series during a time of angiosperm radiation. In addition, this research 
will also allow for comparison to the Western margin of the Western Interior Seaway.  
1.2 Geologic Setting 
The Woodbine Group is a Cenomanian age fluvially-dominated deltaic system in the East 
Texas Basin. The term “Woodbine” was first used by Hill (1901) after the town of Woodbine in 
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Cooke County. The Woodbine reaches its thickest (271 meters) in the middle of the basin, and 
thins toward the Sabine uplift to about 76 meters (Ambrose et al., 2009). The Woodbine occurs 
as exposed outcrops in a thin, N-S trending band from Cooke County to Johnson County 
(Johnson, 1974) (Figure 1), and occurs in the subsurface underlying 45 counties (Oliver, 1971). 
The Woodbine unconformably overlies the Washita Group, which is dominated by deep, shelf 
limestones and is unconformably overlain by the Eagle Ford Group (Figure 2). The Woodbine 
Group represents the lowermost of the Late Cretaceous deposition of Cenomanian sediments in 
Texas and is itself divided into two formations: the older Dexter sandstone, and the younger 
Lewisville Formation. 
Data for the age of the Woodbine is from ammonite, inoceramid, and foraminifera fossils 
correlated with the Pepper Shale, which outcrops near the Waco area and represents the deep 
water (prodelta) equivalent of the Dexter Sandstone (Hentz et al., 2014). Age correlations 
between the Dexter Formation and the Pepper Shale place it in the Forbesicera brundrettei 
ammonite zone, making it Early Cenomanian in age (96.5 Ma).  The Lewisville Formation 
contains Conlinoceras tarrantense, Acanthoceras bellense, and Acanthoceras amphibolum 
ammonite zones, which are Middle Cenomanian in age (96.0-95.5 Ma) (Denne et al., 2016).  
 
 




















Figure 1. Woodbine outcrop exposures (Modified from Main 2005).  
Figure 2. Regional Cretaceous Stratigraphy in North Texas (Modified from Main 2005).  
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Deposition of the Dexter Sand began with sediments shed from the Ouachita front 
in Southern Oklahoma and Arkansas into a series of fluvial-dominated deltas (Figure 3). 
The Lewisville Formation was deposited along the coastline of the delta system, and 
includes fluvial, deltaic and shelf deposits.  During the time of Lewisville deposition, 
there were two sediment sources feeding the basin; the Ouachita highlands that had 
previously fed the Dexter deposition, as well as a western source, either the Arbuckle 
mountains in Southern Oklahoma or a now eroded unknown source farther west (Figure 
4) (Ueckert, 1981).  
The East Texas basin was created by a combination of salt mobilization induced 
subsidence and deposition of Woodbine siliciclastics. The basin is bound in the north and 
west by the Mexia-Talco fault zone and on the east by the Sabine uplift (Figure 5).  
(Hentz et al., 2014). The Sabine uplift is a low relief anticline on the Texas-Louisiana 
border, which originated in the Late Mesozoic. Halbouty and Halbouty (1982) defined 
two uplifting events: one just before Woodbine deposition and one during the upper 
Woodbine deposition and early Eagleford deposition. The change in provenance that 
occurred during Lewisville deposition may be attributed to the beginning of the folding 
which formed the Sabine Uplift and Llano Uplift. During upper Lewisville deposition 
when the Sabine Uplift became a positive feature, erosion of sediments formed the 









Figure 3. Paleogeographic reconstruction showing deposition of the Dexter sands from erosion of 




Figure 4. Paleogeographic reconstruction showing shift in provenance during Lewisville 




Figure 5. East Texas Basin bounds (Modified from Adams & Carr, 2010).  
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1.3 Cretaceous Paleogeography and Climate 
Global sea level rose during the Cretaceous, resulting in a eustatic highstand 
covering the North American continental interior with a shallow sea, known as the 
Western Interior Seaway. Mid-Cretaceous eustatic events are recorded in Albian-
Cenomanian rocks in the Southwest, including the Dakota Sandstone, the Mesa Rica 
Sandstone, and the Woodbine Group (Holbrook, 1996). In Texas, sea level fluctuations 
are recorded in the Early Cretaceous Comanche Series, including the Trinity Group, 
Fredericksburg Group Washita Group, and in the Gulf Series, consisting of the Woodbine 
and Eagleford Groups (Winkler et al, 1995). The Woodbine Group was deposited during 
a minor regression, with sea level fluctuations of 50-100 meters (Figure 6).  
In the Cenomanian, North Texas was a low lying coastal plain along a peninsula 
protruding into the seaway (Figure 7). During the Middle Cenomanian to Early Turonian, 
this peninsula provided a platform for deltaic deposition, being fed by the Ouachitas and 
Arbuckles in Oklahoma via multiple river channels depositing sediment as bifurcation 
and river avulsion occurred (Elder & Kirkland, 1994).      
The Cretaceous was a warm period in Earth’s history. The annual mean surface 
air temperature was about 6°C warmer than today, with a much lower pole-to-equator 
thermal gradient (Fluteau et al., 2007). Despite the greenhouse climate during this time, 
the reduction of black shale deposition and increase in deep sea circulation indicate 










Figure 7. Middle Cenomanian paleogeography (Modified from Blakey, 2014).  
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1.4 Cretaceous Angiosperm Evolution 
During the Cretaceous, terrestrial ecosystems underwent a shift from being dominated by 
free-sporing bryophytes, pteridophytes (mosses, ferns lycopsids), and gymnosperms (conifers, 
cycadeoids, ginkgoes, gnetum and relatives) to angiosperms. Today, angiosperms make up the 
great majority of plants, with at least 230,000 species (Lupia, 1999). Although the earliest known 
occurrence of angiosperms represented by pollen is from the Valanginian and Hauterivian 
deposits of Israel (Hughes & McDougall, 1987), the Cenomanian represents a specifically 
important time interval, as this was when the group noticeably began to radiate and dominate 
(Lupia, 1999). 
Angiosperms arrived much later than other land plant clades, which evolved to 
dominance in the middle-late Paleozoic (Wing & Boucher, 1998). During their rise to 
dominance, pteridophytes and some groups of gymnosperms, such as Cheirolepidiaceae (extinct 
conifers) and cycads were replaced by angiosperms (Lupia et al., 1999) (Figure 8). Based on 
morphological studies, angiosperms can be placed in a clade with the Gnetales (Ephedra, 
Welwitschia, and Gnetum) and the extinct Bennettitales (Figure 8) (Crane, 1985). This grouping 
supports a hypothesis of separation of the angiosperm group in the Late Triassic. According to 
this phylogeny, Gnetales, Bennettitales and angiosperms make up a group called the 
anthophytes, for the reason that they all cluster their reproductive parts into flower-like structures 
and enclose their seeds in more than one layer of tissue (Doyle & Donoghue, 1986). Some 
Bennettitales may have had insect pollination and seed dispersal by animals (Crepet,1991).  
Among angiosperms, monocotyledons (Liliaceae, Palms) and magnoliid dicots, 
recognized by monosulcate pollen morphology, became relatively abundant during the mid-
Cretaceous (Aptian-Albian) at low latitudes and diversified further into higher latitudes in the 
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Late Cretaceous (Crane & Herendeen, 2004). Eudicots, characterized by triaperturate pollen, 
diversified first in the Barremian to Aptian-Albian, with the emergence of hamamelidids and 
rosiids at low latitudes. In the Campanian, eudicots diversified even further and became the 





Figure 9. Phylogenetic relationship between angiosperms and other plant groups 
(Wing & Boucher 1998).   
Figure 8. Plant group diversity patterns during the Cretaceous (Modified from 





Figure 10. Appearance of angiosperm groups through time (Crane et al., 1995).   
 15 
 
1.5 Previous Work 
Hedlund (1966) conducted the first and, until now, only study of Woodbine palynology. 
The Red Branch member comprises the lowermost strata of the Lewisville Formation and 
represents the coastal plain. Hedlund measured eight sections in Bryan County, Oklahoma, and 
collected samples for pollen extraction. Seventy-four palynomorphs were identified, belonging to 
45 genera and 71 species. Of those, 21 species and one genus were described as new. He 
categorized the data into five palynological assemblages:  
 1. Bryophyte-psilopsid-lycopsid-filicinean assemblage 
  Dominated by the fern families Gleicheniaceae and Schizaeaceae.  
 2. Cycadalean-ginkgoalean assemblage 
 Contains Cycas, Zamia, and Gingko 
 3. Ephedralean assemblage 
  Contains only two species of Ephedra. Modern Ephedra species are limited to dry 
regions, so the rare occurrence of Ephedra pollen in Woodbine sediments suggests they were 
transported from somewhere outside the coastal plain.  
4. Coniferalean assemblage 
  Contains pollen related to the families Pinaceae, Podocarpaceae, Araucariaceae, 
and Taxodiaceae. 
 5. Angiosperm assemblage 
  Represented by both monocotyledons and dicotyledons.  
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 Hedlund (1966) documents a mostly pteridophyte-angiosperm dominated assemblage, 
with the same species occurring at different abundances in all sections. On the basis of 
comparisons with the climate ranges of the nearest living relatives, Hedlund (1966) interpreted 









2.1 Collection Locations 
The Woodbine was sampled at three localities (Figure 11): along highway 360 (Locality 
360) in Tarrant county, the Acme Brick quarry in Denton county, and Bear Creek in Tarrant 
County. One section was measured at Locality 360, where samples were collected every ten 
centimeters through 3.5 meters. At the Acme Brick quarry, two sections (lower and upper) were 
measured and sampled every fifty centimeters through a total of 7.1 meters, not including a ~6 
meter sand channel separating the two sections. The single sample from Bear Creek was 


















Figure 11. Location of Sample Localities.  






2.2 Processing Methods 
The methods used for pollen processing are a modified from van der Kaars (1991). The 
procedure is as follows:  
Addition of Lycopodium tablets 
After samples were crushed, weighed and placed into beakers, three Lycopodium tablets 
from batch #414831 (with an average of 12,100 Lycopodium spores per tablet) were added.  
Removal of Carbonates 
10% HCl was added to 250 mL beakers to dissolve any carbonates that were present. 
Samples were then transferred to test tubes and centrifuged for four minutes at full speed (~2000 
rpm). Once decanted, samples were washed with distilled water, spun down and decanted two 
times.  
Deflocculation 
10% tetra-sodium pyrophosphate was added and samples were placed on a heater in a 
water bath for 30 minutes to deflocculate the sample.  
Sieving 
A 150 micron mesh sieve was placed on a beaker and the sample was poured through and 
washed with water as needed to transfer all sieved liquid. Sample was centrifuged for two 
minutes at 2000 rpm and then washed with distilled water twice. The sample was then 
centrifuged for four minutes and washed with water until supernatant is clear.  
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The screened material was transferred to a watch glass, in which the cuticle and charcoal 
materials were separated from sand and silt by gravity, and the organic material was saved to be 
examined under a microscope.  
Removal of Silicates 
48% HF was slowly added to sample to dissolve silicates. Once test tube was ¾ full, 
samples were left to sit in hood for 24 hours. Samples were then centrifuged and decanted, and 
48% HF was added again. Samples sat for 24 hours once more, and then they were centrifuged 
and washed with water three times.  
Transfer of samples to vials 
Once samples were washed from the HF, they were transferred from test tubes to 1-dram 
vials. Once in the vials, samples were centrifuged at half speed for eight minutes and decanted 
with a pipette. Samples were then covered with glycerine and left to sit on a low temperature 
slide warmer until any leftover water evaporated.  
2.3 Analysis 
At least 300 grains (non-Lycopodium) were counted for each sample slide using a Leica 
DM 2000 microscope. Where 300 grains could not be counted, a second slide was prepared. 
Most palynomorphs were identified to the genus level or lower. A total of 61 unique taxa were 
identified from all samples combined. Taxa were assigned to one of fourteen morphotype groups 





1. Trilete Spores  
Recognized by their trilete laesurae, a total of sixteen unique taxa were assigned to this 
group. Of these, most belonged to the Schizaeaceae and Gleicheniaceae families, with a smaller 
representation from the Lycopodiaceae family.  
 2. Monolete Spores 
These spores are recognized by their monolete mark. A total of three unique taxa were 
identified as belonging to this group, from the Asplenioideae and Psilotaceae families.  
 3. Gymnosperms (Bisaccates) 
Grains belonging to this group are recognized by their bisaccate morphology. A total of 
eight taxa belong to this group. The following families are represented: Corystospermaceae, 
Pinaceae, and Podocarpaceae.  
4. Ephedra 
A total of three taxa are assigned to this category. These grains belong to the family 
Ephedraceae.  
5. Cycad/Ginkgo 
These grains are recognized by their monosulcate structure. A total of two taxa belong to 
this category, from the Cycadaceae and possible Ginkgoaceae families.  
6. Gymnosperms (Other) 
These are pollen grains belonging to the gymnosperm group that do not fit into the 
bisaccate, Ephedra, or cycad/Ginkgo category. A total of four unique taxa belong to this group. 
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The following families are represented: Cheirolepidiaceae, Cupressaceae, and 
Erdtmanitheaeceae.  
7. Liliaceae 
One taxon makes up this category, from the Liliaceae family.  
8. Palms 
Four taxa make up this category, all belonging to the Arecaceae family.  
9. Tricolpate  
This category is recognized by the tricolpate structure of the grains, a total of nine taxa 
make up this category. Due to the small size of most of these grains, resolution beyond genus 
level was difficult, therefor affinity beyond Dicotyledoneae is unclear for most genera. Where 
affinity could be resolved the Fagaceae and Hamamelidaceae families were present.  
10. Tricolporate 
This category is recognized by the tricolporate structure of the grains. A total of three 
taxa were assigned to this category, representing the Euphorbiaceae and Fagaceae families.  
11. Triporate 
This category is recognized by triporate grains, and contains one taxon.  
12. Other Angiosperms 
This category contains polycolpate grains, as well as grains with gemmate projections 
forming a crotonoid pattern. A total of three taxa make up this category.  




Three marine dinoflagellate taxa were documented. 
14. Unidentifiable  
These are grains which were too folded or broken to assign to a morphotype group.  
Two data tables resulted from these data sets:  
 1. Taxon abundance data set (Table B-1) 
 This includes counts of each individual taxon identified in each sample. This dataset was 
used to calculate bray-curtis distances between samples, which takes into account both 
taxonomic composition and taxon abundances.  
 2. Morphotype group data set (Table B-2) 
 This includes abundance of each of the morphotype groups present in each sample. This 
dataset was used in additional statistical analyses as well as to calculate relative abundances of 
groups in samples and pollen diagrams.  
2.4 Statistical Methods 
 Non-metric multidimensional scaling (NMDS) in R was used as a means to test which 
sites are most similar to each other using Bray-Curtis distances. This method uses a dissimilarity 
matrix in order to produce an ordination of points. A scree plot was constructed in order to 
determine how many dimensions would be appropriate for the NMDS analysis (Figure 12). In a 
scree plot, stress values are plotted against number of dimensions. Stress values reflect how well 
the ordination displays the distances between sites (Holland, 2008).  It was determined that the 
appropriate number of principal components was between 3 and 4, due to the fact that after PC4, 
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eigenvalues, which account for the amount of variation (y-axis) fell below 1. With this, k=3 was 
used.  The morphotype group data set (Data set 2) was utilized for these analyses.  
 In addition to NMDS, the Bray-Curtis similarity was calculated against all sites. This 
method is a way to quantify compositional similarity between two sites, with abundances of 
species taken into account. The index is a number from 0 to 1, with 1 being identical samples.  
Individual species (Data set 1) were used for this method. The index of dissimilarity is as 
follows:  
BCij=2Cij/(Si+Sj) 
 In this equation, the Bray-Curtis distance between samples “i” and “j” is equal to two 
times Cij, the sum of the lesser values of those species that the two sites have in common, 


















3.1 Sedimentology  
 All three localities are in close proximity to the overlying Eagle Ford unconformity, 
marking them as being in the uppermost portion of the Woodbine. However, the isolation of the 
three localities from one another makes correlations among them difficult. The presence of 
triporate pollen (Pseudoplicapollis) indicates the uppermost portion of the 360 section is the 
youngest, as this pollen taxon evolved in the upper Cenomanian-lower Turonian (Christopher, 
1979). Due to the known superimposed relationship between the Acme Brick 1 and Acme Brick 
2 sections, and the statistical distances between Acme Brick and Bear Creek, their inferred 
relationships are shown in Figure 13.  
 
  
Figure 13. Inferred stratigraphic relationships among localities.  
Bear	Creek	




A 3.5 m fining upward sequence was measured at this locality (Figure 14). The first 
100 cm record massive sands with shale interbeds and shale clasts. This heterolithic bedding 
of mud and medium-coarse grained sands is indicative of the most proximal portion of the 
delta front. The absence of palynomorphs is consistent with the interpretation of this as a 
high-energy environment with rapid deposition. The succeeding 50 cm consist of mud with 
some charcoal present, capped by a massive 40 cm fine sand body bearing secondary siderite 
nodules. This fining of sediment, along with the presence of charcoal lenses indicate the 
section grading into the delta plain, which includes environments such as distributary 
channels, levees, splays, and marshes (Bhattacharya, 2005). The succeeding 50 cm are silts 
and sands interbedded with muds. From 240-250 cm, the presence of coal lenses indicates a 
marsh or swampy environment. A coarse sand body at 250 cm includes parallel laminations, 
indicating the occurrence of sustained flow. The upper 70 cm of the section is mud, with 









Acme Brick Quarry 
            Two sections were measured and sampled at this location. The two sections were 
separated by a large, cross-bedded sandstone body (Figure 15).  
Acme Brick Quarry 1: (Figure 16) 
 A total of 4.9 m were measured in the lower of the two Acme Brick sections. The lowest 
80 cm are a mud with charcoal lenses. A silt body occurs from 80 to 120 cm, capped by 20 cm of 
mud with charcoal lenses. The remainder is a coarsening up sequence, with silt and mud 
interbedded (Figure 18) and capped by a thick medium to coarse cross-bedded sand.   
Acme Brick 2: (Figure 17) 
  A total of 3.1 m was measured in the upper Acme Brick section. The lowest 140 cm are 
mud with occasional sand beds, followed by a 30 cm silt bed. The remainder of the section 





Figure 15. Six m Channel deposit at Acme Brick, separating the 4.9 m Acme Brick 1 section from the 3.1 m Acme 
Brick 2 section.    
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Figure 16. Stratigraphic column of the 
Acme Brick 1 section.  
Figure 17. Stratigraphic column of the 










            The Bear Creek locality has produced many vertebrate fossils, including crocodilians, 
theropod teeth, nodosaurid and hadrosaurid teeth and bones, fish, turtles, and mammals. The 
outcrop consists of a lower shaly unit capped by a sand unit. Charcoal lenses are present 
throughout, as well as pebble conglomerate layers which indicate transgressive lag deposits 
(Figure 19) (Lee, 1997).  
 
  Figure 19. Stratigraphic section of Woodbine outcrop in Bear Creek (Lee, 1997) 
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3.2 Palynomorph Identifications 
 A total of 5,434 palynomorphs were counted among the seventeen samples. Sixty-one 
unique taxa were recognized and placed into fourteen morphotype groups. The following tables 
list the taxa which make up each morphotype group and the relative abundances of each taxon at 
each locality. Taxon and morphotype group abundances in each sample are presented in the next 
section; Palynostratigraphy.  
The most diverse morphotype group is trilete spores, which consisted of sixteen unique 
taxa (Table 1). 







sp. 1  
Trilete spore, amb triangular, 
sculpture cicatricose, ridges close 
together, laesurae reaching half the 
radius of spore, appendices short, 
extending ~1µm beyond body.  
Maximum diameter: 42µm 
Affinity: Schizaeaceae.  








Trilete spore, sculpture cicatricose, 
dentate projections present, ridges 
close together, appendices broad.  
Maximum diameter: 42µm 
Affinity: Schizaeaceae. 






Weyland & Greifeld, 
1953 
Trilete spore, laesurae straight and 
extending to appendices, sculpture 
cicatricose, ridges wider than other 
Appendicisporites species, 
appendices extending 2-3µm from 
body.  
Maximum diameter: 40 µm 
Affinity: Schizaeaceae 










Amb circular, rugulate pattern, 
trilete scar extending half the 
distance to the edge of spore.  








Affinity: resembles modern spores 
of Lycopodium 




Trilete spore, laesurae on proximal 
side extending almost length of 
radius, cicatricose sculpture, on 
distal side ridges reach from one 
apex to the next, characteristic ~1µm 
notch on each apex.    
Maximum diameter: 53µm 
Affinity: Schizaeaceae 









Trilete spore, laesurae extending 
almost length of spore readius, both 
proximal and distal surfaces have 
cicatricose pattern made up by 
smooth, round ridges.  
Maximum diameter: 41 µm 
Affinity: Schizaeaceae 












Trilete spore, laesurae extending to 
apices, sides slightly concave, both 
proximal and distal surfaces have a 
ribbed pattern.  
Maximum diameter: 60µm 
Affinity: Schizaeaceae  






Potonie & Gelletich, 
1933 
Trilete spore, laesurae extending 
about halfway to apices, cicatricose 
sculpturing on both proximal and 
distal surfaces.  
Maximum diameter: 42µm 
Affinity: Schizaeaceae 








Trilete spore, laesurae extending 
halfway to apices, sides slightly 
concave, rounded apices,  sculpture 
psilate to slightly scabrate.  
Maximum diameter: 31µm 
Affinity: Schizaeaceae 











Trilete spore, laesurae extending 
halfway to apices, sides slightly 
concave, smooth surface with 









Maximum diameter: 59µm 
Affinity: Schizaeaceae 
Figure A-1, j.  
Deltoidospora hallii 
Miner, 1935 
Trilete spore, laesurae extending to 
apices, sides convex, scabrate 
sculpture.  
Maximum diameter: 26µm 
Affinity: Gleicheniaceae 







Dictophyllidites sp.  Trilete spore, laesurae extending 
halfway to apices, sides convex, 
sculpture psilate, granulose around 
laesurae.  
Maximum diameter:  50µm 
Affinity: possibly Marattiaceae.  






Foveotriletes sp.  Trilete spore, laesurae almost 
reaching apices, sides concave, 
foveolate sculpture.  
Maximum diameter: 39 µm 
Affinity: Filicopsida 









Trilete spore, laesurae extending to 
apices, sides slightly concave with 
interradial thickening, psilate 
sculpture.  
Maximum diameter: 27µm 
Affinity: Gleicheniaceae 










Trilete spore, laesurae reaching 
apices, distal surface has gemmae 
extending ~2µm beyond body.  
Maximum diameter: 36µm 
Affinity: Lycopodiaceae 







Trilete spore, laesurae raised and 
undulate for about half of length, 
psilate sculpture.  
Maximum diameter: 19µm 










Table 1. Trilete spore morphotype group taxon identifications 
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 The monolete spore morphotype group consists of three unique taxa (Table 2).  









Monlete spore, bean shaped in 
profile, surface psilate to granulose.  
Maximum diameter: 33µm 
Affinity: Psilotaceae 










Monolete spore, laesurae extending 
full length of grain, two layer exine, 













Monolete spore, bean shaped in 
profile, laesurae extending almost 










  Table 2 . Monolete spore morphotype group taxon identification 
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 A total of eight bisaccate gymnosperms comprise their morphotype group (Table 3).  








Bisaccate, oval body, sacci almost 
same length as body, exine thickens 
near base of sacci.  
Total length: 41µm 
Affnity : Conifer 










Bisaccate, ellipsoidal corpus, sacci 
reticulate.  
Total length: 111µm 
Affinity: Conifer 









Spherical grain, short, rectangular 
wings, faintly granulose texture.  
Maximum diameter: 38µm 
Affinity: Conifer 









Bisaccate, ellipsoidal body, wings 
about half the length of body.  
Total length: 84µm 
Affinity: Conifer 









Bisaccate, sacci small, ellipsoidal, 
granulose body.  
Total length: 34µm 
Affinity: Conifer 







Bisaccate, sacci broadly attached to 
body.  
Total length: 165µm 
Affinity: Pinaceae 










 Vesiculate, body rugulate.  
Total length: 113µm 
Affinity: Podocarpaceae 







 Vesiculate, body rugulate, sacci 
finely reticulate 
Total length: 57µm 
Affinity: Podocarpaceae 







  Table 3. Bisaccate Gymnosperm taxon identification 
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 A total of four unique taxa comprise the Gymnosperm (other) morphotype group (Table 
4) 






Exesipollenites sp.  Monoporate, spherical pollen 
grain.  
Maximum diameter: 28µm 
Affinity: Cheirolepidiaceae 






Eucommiidites sp.  Monocolpate grain, colpus 
extending almost length of grain, 
scabrate texture.  
Maximum diameter: 32µm 
Affinity: Erdtmanitheaceae 








Spherical grain, inaperturate with 
many folds, psilate.  
Maximum diameter: 19µm 
Affinity: Cupressaceae 










Pollen grain inaperture, but split 
open, folds on the surface, psilate 
texture.  
Maximum diameter: 35µm 
Affinity: Cupressaceae 









Table 4. Gymnosperm (other) morphotype group taxon identifications.  
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 A total of three taxa comprise the Ephedra morphotype group (Table 5).  









Elliptical, ridged sculpturing.   
Length: 43µm 
Affinity: Ephedraceae 























Elliptical grain, thick ridges.  
Length: 30µm 
Affinity: Ephedraceae  






A total of two taxa comprise the Cycad/Ginkgo morphotype group (Table 6).  






Cycadopites sp.  Monosulcate pollen grain, 
elliptical, sulcate extending length 













Monosulcate, sulcus extending 
length of grain, psilate texture.  
Length: 26µm 
Affinity: Ginkgoaceae  









Table 5. Ephedra morphotype group taxon identification.   
Table 6. Ginkgo/Cycad morphotype group taxon identifications.  
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 One taxon comprises the Liliaceae morphotype group (Table 7).  






Liliacidites sp.  Monosulcate pollen grain, 2 
layered exine, reticulate.  
Maximum diameter: 26µm 
Affinity: Liliaceae 









 Four taxa comprise the Palm morphotype group (Table 8).  









Monocolpate, colpus extending 
almost length of grain, psilate to 
finely scabrate texture.  
Maximum diameter: 18µm 
Affinity: possibly Arecaceae 









Monocolpate, colpus extending 
length of grain.  
Maximum diameter: 12µm 
Affinity: Arecaceae 









Monosulcate, sulcus extending full 
length of grain, granulate.  
Maximum diameter: 42µm 
Affinity:  Arecaceae 








Spherical grain, echinate,  
Maximum diameter: 30µm 
Affinity: Arecaceae 








Table 7. Liliaceae morphotype group taxon identification. 
Table 8. Palm morphotype group taxon identifications.  
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 A total of nine taxa comprise the Tricolpate morphotype group (Table 9). 









Tricolpate, colpi extending nearly 
length of grain, psilate.  
Maximum diameter: 16µm 
Affinity: Fagaceae  










Tricolpate, colpi extending length 
of grain, finely reticulate texture 
Maximum diameter: 21µm 
Affinity: Hamamelidaceae  










Tricolpate, colpi extending length 
of grain, reticulate.  
Maximum diameter: 15µm 
Affinity:  Dicotyledoneae 








Tricolpate, colpi extending length 
of grain, reticulate.  
Maximum diameter: 33µm 
Affinity: Dicotyledoneae  








 Tricolpate, colpi extending length 
of grain, psilate.  
Maximum diameter: 12µm 
Affinity: Dicotyledoneae 







Tricolpites sp. 1  Tricolpate, colpi extending length 
of grain, thick exine.  
Maximum diameter: 20µm 
Affinity: Dicotyledoneae 






Tricolpites sp. 2 Tricolpate, elongate grain, colpi 
not reaching the length of grain, 
microgranulose.  
Maximum diameter: 46µm 
Affinity: Dicotyledoneae 








Tricolpites sp. 3 Tricolpate, colpi extending length 
of grain, microreticulate.  
Maximum diameter: 39µm 
Affinity: Dicotyledoneae 






Tricolpites sp. 4  Tricolpate, colpi extending length 65 59 8 
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of grain, very finely reticulate.  
Maximum diameter: 13µm 
Affinity: Dicotyledoneae 
Figure A-7, i.  
(2.19%) (3.25%) (2.44%) 
 
 
           A total of three taxa comprises the Tricolporate morphotype group (Table 10) 






Nyssapollenites sp.   Tricolporate, colpi extending 
almost length of grain, pore ~1µm, 
2 layered exine.  
Maximum diameter: 14µm 
Affinity: Euphorbiaceae 










Tricolporate, colpi extending near 
length of grain, pores elongate, 
psilate. 
Maximum diameter: 22µm 
Affinity: Fagaceae  









 Tricolporate, microgranulose.  
Maximum diameter: 19µm 
Affinity: Dicotyledoneae 







            
          On taxon makes up the Triporate morphotyp group (Table 11).  






?Pseudoplicapollis sp. Triporate.  
Maximum diameter: 25µm 
Affinity: Dicotyledoneae 







Table 9. Tricolpate morphotype group taxon identification.  
Table 10. Tricolporate morphotype group taxon identifications.  
Table 11. Triporate morphotype group taxon identification.  
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           A total of three taxa comprises the Other Angiosperm morphotype group (Table 12).  







largissimus    
Singh, 1983 
Monosulcate, sulcus extending 
length of grain, elliptical, 
projections on surface.  
Maximum diameter: 82µm 
Affinity:  Angiosperm 






Stellatopollis sp.  Circular pollen grain, projections 
on surface forming a crotonoid 
pattern.  
Maximum diameter: 57µm 
Affinity: Angiosperm 







Polycolpate, colpi broad and long, 
almost reaching length of grain, 
microreticulate.  
Maximum diameter: 51µm 
Affinity: Dicotyledoneae 








                A total of three taxa comprise the dinoflagellate morphotype group (Table 13).  









 Elliptical body with funnel shaped 
processes. Processes have small 
spines.  
Diameter: 53 µm 




Oligosphaeridium sp.   Elliptical body with thin funnel 
shaped processes. Processes have 
small spines on end.  
Diameter: 59 µm 
Figure A-10, b.  
6 (0.2%) 0 0 
Cyclonephelium sp.  Elliptical body with short 
processes.  
Diameter: 65 µm 






Table 12. Other Angiosperm morphotyp group taxon identifications.  
Table 13. Dinoflagellate morphotyp group taxon identification.  
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3.3 Relative Abundances of Morphotype Groups  
 Locality 360 was split into the lower portion (190-240 cm) and the upper portion (280-
320 cm) due to clear differences in pollen abundances. In addition to pollen differences, a sand 
body separates the lower and upper portions of the section. The older section (Figure 20a) is 
dominated by tricolpates (27.25%), trilete spores (20.98%), and Ginkgo/cycads (9.82%). Other 
important morphotype groups include tricolporates (8.42%), Other Gymnosperms (8.21%), 
Palms (7.46%), and Bisaccate Gymnosperms (5.42%). Lesser amounts of Liliaceae, other 
angiosperms, Ephedra, and monolete spores occurred. This portion of the section also had 
relatively low amounts of unidentifiable grains (5.47%), indicating good preservation.  
 The upper portion of 360 (Figure 20b) is dominated by tricolpates (46.3 %), trilete spores 
(16.63%), palms (10.46%), tricolporates (9.89%), and bisaccate gymnosperms (5.33%). Lesser 
amounts of the other morphotype groups were observed. This portion also has relatively low 
abundances of unidentifiable pollen grains (3.2%), again showing the good quality of 
preservation at 360. The most striking difference between the upper and lower divisions of 360 is 
the almost twenty percent increase in tricolpates, and the drastic decrease in Ginkgo/cycads. The 
appearance of triporates (2.56%) in the upper section is also indicative of a major ecological 
change, which will be addressed in more depth in the discussion chapter.  
 The Acme Brick 1 section (Figure 21a) is dominated by trilete spores (46.63%), 
tricolpates (19.99%), and non-bisaccate gymnosperms (8.23%). Lesser amounts of monolete 
spores (3.03%), palms (2.38%), Ginkgo/cycads (2.6%), bisaccate gymnosperms (1.80%), 
tricolporates (1.66%), and Ephedra (1.44%) are present. There is a relatively high amount of 
unidentifiable grains (9.81%). The Acme Brick 2 section (Figure 21b) differs from section 1 in 
the over fifty percent decrease in trilete spores (21.67%), decrease in tricolpates (7.99%), and 
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increase in Ginkgo/cycad (9.41%), non-bisaccate gymnosperms (18.12%), bisaccate 
gymnosperms (10.83%), and monolete spores (5.51%). The amount of unidentifiable grains also 
increased (17.05%).  
 The single sample from the Bear Creek locality (Figure 22) is dominated by trilete spores 
(27.13%), tricolpates (14.02%), non-bisaccate gymnosperms (11.59%), and Ginkgo/cycads 
(7.32%).  Lesser amounts of bisaccate gymnosperms (6.4%), tricolpates (6.10%), Liliaceae 
(2.44%) and Ephedra (1.22%) are present. This locality has the highest amount of unidentifiable 
grains (23.78%).  
 The three localities differed from each other in composition. Locality 360 had the highest 
amount of tricolpates, tricolporates, and contained the only triporate pollen found among the 
localities. Trilete spores were abundant at all localities, but were more dominant in the Acme 
Brick and Bear Creek localities. Palms were more abundant at Locality 360, while smaller 
amounts were present at Acme Brick and they were absent in Bear Creek.  Ginkgo/cycads were 
in moderate abundance in all sections except the upper portion of Locality 360. Bisaccate 
gymnosperms were present in similar percentages in all localities, except in the Acme Brick 1 
section, where they accounted for less than two percent. Non-bisaccate gymnosperms are present 
in percentages ranging from eight to eighteen percent, except in the upper portion of Locality 
360, where they were less than one percent of the total assemblage. At Locality 360, Ephedra 
makes up less than one percent of all assemblages, and was better represented (1-2.5%) at the 
Acme Brick section and the Bear Creek sample. One of the most striking differences among the 
three localities is the amount of unidentifiable grains. Locality 360 has much fewer 













Figure 21a. Acme Brick 1(lower section) morphotype group percentages, b. Acme Brick 2 (upper section) 











Within the 3.5 m outcrop, the fourteen morphotype groups were plotted to show how they 
changed through time (Figure 23). Four zones were identified by eye based on changes in 
abundance of the fourteen morphotype groups. The zones are described below.  
Zone I  
Zone I, from 190 to 210 cm is characterized by the relatively high percentages of 
Ginkgo/Cycad pollen. Ginkgocycadophytus nitidus is the most abundant species in this 
morphotype group for this section. As the Ginkgo/cycads peak, Liliacidites, bisaccates 
(Alisporites thomasii, Pitysporites constrictus, Punctabivesiculites crassus) and non-bisaccate 
gymnosperms (Classopollis, Inaperturopollenites,Taxodiaceaepollenites hiatus) also increase, 
while trilete spores (Camarazonosporites rudis, Cicatricosisporites apicanalis, 
Cicatricosisporites crassiterminatus, Cyathidites punctatus, Gleicheniidites senonicus), 
tricolpates (Retitricolpites virgeus) and palms (Palmaepollenites minisculus,Sabalpollenites 
dividuus, Spinizonopollenites sp.) decrease.  
Zone II 
Zone II, from 210 to 240 cm, is characterized by the increase of non-bisaccate 
gymnosperms (Inaperturopollenites, Taxodiaceaepollenites hiatus). Within this zone, the 
tricolpates (Psilatricolporites psilatus, Retitricolpites vulgaris, Retitricolpites virgeus,Tricolpites 
erugatus, Tricolpites sp. 1) and Liliacidites show an inverse relationship with the non-bisaccate 
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gymnosperms. During this interval, Ginkgocycadophytus nitidus also begins to decrease, while 
trilete spores, bisaccate gymnosperms, palms and tricolporates remain relatively stable.  
Zone III 
Zone III, from 240 to 290 cm, is characterized by an increase in trilete spores 
(Cicatricosisporites crassiterminatus, Cyathidites minor, Deltoidospora hallii, 
Appendicisisporites sp. 1 & 2). Also occurring in this zone is an increase in palms 
(Monocolpopollenites tranquillus, Sabalpollenitites dividuus) and tricolpates (Retitricolpites 
virgeus, Tricolpites sp. 1), and a slight increase in non-bisaccate gymnosperms (Eucommiidites 
sp.), while bisaccate gymnosperms (Pitysporites constrictus, Rugubivesiculites reductus, 
Rugubivesiculites rugosus), and tricolporates (Nyssapollenites sp., Psilatricolporites prolatus) 
decline. This zone also had the highest amount of unidentifiable grains in the section and is 
interrupted by a 20 cm thick sandstone.  
Zone IV 
Zone IV, from 290 cm to 320 cm, is characterized by the first appearance of triporates 
(Pseudoplicapollis sp.). This is accompanied by an increase in bisaccate gymnosperms 
(Pitysporites constrictus, Punctabivesiculites crassus, Rugubivesiculites rugosus), palms 
(Monocolpopollenites tranquillus, Sabalpollenites dividuus), tricolpates (Psilatricolpites 
psilatus, Retitricolpites vulgaris, Retitricolpites virgeus, Tricolpites erugatus, Tricolpites sp. 2) 
and tricolporates (Nyssapollenites sp.), while the trilete spores (Cicatricosisporites 
crassiterminatus, Cyathidites minor, Gleicheniidites senonicus) and non-bisaccate gymnosperms 




Figure 23. Palynostratigraphy of Locality 360, lithology displayed on the left hand side. The section is made up 
of 11 samples and shows upward increase of angiosperms (Palms, Tricolpates, Tricolporates and Triporates) 





Acme Brick Quarry  
The Acme Brick sections 1 and 2 totaled 3.6 m (separated by a ~6m channel deposit). 
Three zones were determined for this section (Figure 24). The zones are described below.  
Zone I 
Zone I, 50 to 205 cm, is characterized by the abundance of non-bisaccate gymnosperms 
(mostly Inaperoturopollenites sp.). Trilete spores (Cyathidies minor, Deltoidospora halli, 
Gleicheniidites senonicus) increase in abundance throughout this zone. As the non-bisaccate 
gymnosperms increase, monolete spores (Laevigatosporites irroratus, Verrucatosporites 
pseudoreticulatus) and Ephedra (Equisestosporites jansonii) also increase, while Ginkgo/cycads 
(Ginkgocycadophytus nitidus) and tricolpates (Retitricolpites minutus, Tricolpites erugatus) 
decrease.  
Zone II 
Zone II, 205 to 250 cm, is characterized by the dominance of trilete spores 
(Cicatricosisporites dorogensis, Cyathidites minor, Deltoidospora halli, Gleicheniidities 
senonicus), and the appearance of Liliacidites. Trilete spores also increase, along with palms 
(Monocolpopollenites tranquillus, Sabalpollenites dividuus) and tricolpates (Retitricolpites 
vulgaris, Retitricolpites virgeus, Tricolpites sp. 2, Tricolpites sp. 4). Inverse relationships were 
noted with monolete spores (Laevigatosporites irroratus, Verrucatosporites pseudoreticulatus), 
non-bisaccate gymnosperms (Inaperturopollenites sp., Taxodiaceaepollenites hiatus), 






Zone III, 250 to 1290 cm, is characterized by a decrease in trilete spores 
(Camarozonosporites rudis, Cicatricosisporites dorogensis, Cyathidites minor, Deltoidospora 
halli, Foveosporites, Gleicheniidites senonicus) and tricolpates (Retitricolpites minutus, 
Retitricolpites virgeus, Tricolpites sp. 2, Tricolpites sp. 4) coinciding with increases in monolete 
spores (Laevigatosporites irroratus, Verrucatosporites pseudoreticulatus), bisaccate 
gymnosperms (Cedripites cretaceous, Pitysporites constrictus, Punctabivesiculites crassus, 
Rugubivesiculites rugosus), non-bisaccate gymnosperms (Inaperoturopollenites sp., 
Taxodiaceaepollenites hiatus), Ginkgo/cycads (Ginkgocycadphytus nitidus), palms 






Figure 24. Palynostratigraphy of the Acme Brick Locality. Acme Brick section 1 comprises the lower portion of 
the diagram (50 cm to 220 cm), while Acme Brick 2 is plotted above, (1150 cm to 1290 cm). The ~6 m sand body 





3.5 Statistical Analyses 
Non-metric multidimensional scaling 
This technique was used in order to determine which sites are most similar to one another 
based on Bray-Curtis distances among them. A matrix of Bray-Curtis distances is provided in 
Table 14. Two plots resulted, a two-dimensional NMDS plot (Figure 25) and a three-dimensional 
NMDS plot (Figure 26). 
Bray-Curtis similarity index 
 The Bray-Curtis similarity index matrix for all sample sites indicates the Acme Brick 1 
site is most similar to the Bear Creek sample (0.65). When comparing the Acme Brick to 
Locality 360, samples from the Acme Brick 1site are generally most similar to the lower portion 
of Locality 360, with the exception of sample 13 (Acme Brick 1 200-210 cm), which is more 
similar to the upper Locality 360 samples. The Acme Brick 2 samples are more clearly similar to 
the lower Locality 360 samples.  
 The two-dimensional NMDS plot of localities results in three sample clusters (Figure 25).  
Three out of the four upper 360 samples cluster together, and the remaining lower Locality 360 
samples clustered together along with one upper 360 sample. The third cluster consists of the 
Acme Brick 1 (lower) and 2 (upper) samples together with the Bear Creek sample. A three-
dimensional diagram (Figure 26) allows for the distances between points to be better analyzed.  
The three-dimensional plot (Figure 26) allows for the closer relationship between Bear Creek 
and the lower Locality 360 samples that is seen in the Bray-Curtis index results to be observed, 
as well as the closeness of sample 13 (Acme Brick 2: 200-210 cm) to the upper Locality 360 





1: 360 190-200 cm 
2: 360 200-210 cm 
3: 360 210-220 cm 
4: 360 220-230 cm 
5: 360 230-240 cm 
6: 360 240-245 cm 
7: 360 280-290 cm 
8: 360 300-310 cm 
9: 360 310-320 cm 
10: 360 320- 330 cm 
11: Acme Brick 1 0-50 cm 
12: Acme Brick 1 150-200 cm 
13: Acme Brick 1 200-210 cm 
14: Acme Brick 1 210-220 cm 
15: Acme Brick 2 0-50 cm 
16: Acme Brick 2 140-150 cm 
17: Bear Creek 
 






























4.1 Sedimentological interpretations  
Locality 360 
The delta front sands in the lower portion of the Locality 360 section and the presence of 
marine dinoflagellates in some samples indicates closer proximity to the ocean than the other two 
localities. The flooding events that occurred during this time interval washed dinoflagellates into 




















Acme Brick Quarry 
The Acme Brick Quarry is composed of many channels cutting into delta plain 
sediments. The lack of marine indicators (dinoflagellates) suggests a depositional position more 
proximal to the upper delta fluvial system. The large amount of channel deposits through the 
quarry stratigraphy indicates a meandering river system in the upper delta plain (Figure 28), with 
local depositional environments consisting of levees, splays, floodplain, swamps and lakes 


































4.2 Paleoecological implications  
Locality 360 
 The large abundance of cycads in the lower Locality 360 samples represents brackish 
water marshes (Johnson & Hebdah, 2015) (Figure 30), which still maintained dominance of 
cycads in the Cenomanian, while other environments were becoming angiosperm dominated 
(Coiffard et al., 2007). The abundance of ferns with schizeaeceous affinities (similar to living 
Schizeaceae) decreases as the cycads increase in abundance, implying that cycads could had 
been filling the niche of ferns. The lower portion of Locality 360 also marks the only possible 
occurrence of palms with Nypa affinities (?Spinozonocolpites sp.). These palms are known to 
inhabit areas of high salinity (Ricklefs & Latham, 1993), which corroborates the proximal 
position of the samples to the shore. As the cycads decrease in abundance, the Cuppresseaceae 
family becomes abundant towards the middle of the section (Figure 31), indicating a shift into a 
swamp environment, similar to modern cypress swamps of the southeastern part of North 
America. This lower salinity environment would also allow for angiosperms, which, in general 
are less tolerant of brackish waters, to become more abundant. The angiosperm and fern 
relationship in swamps during the Cenomanian is well documented in many locations (Retallack 
& Dilcher, 1986).  
A sand body separates the lower Locality 360 section from the upper section, which 
coincides with an ecological shift (Figure 32). The top of the section is marked by increased 
presence of angiosperms, including palms, while the Cuppresseaceae disappear. Cuppresseaceae 
are known to grow in cooler climates than palms (Coiffard et al., 2010), so this transition may 
indicate a warming period or salinity change occurring, in which palms overtook the canopy. The 
decrease in trilete spores also shows the angiosperms (both monocots and eudicots) becoming 
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dominant over ferns in certain environments. The appearance of triporate pollen at the top of the 
section reflects an important innovation in angiosperm pollen. Triporate pollen evolved after 
tricolpate and tricolporate pollen, and continued to evolve and increase in diversity until the 
Eocene (Traverse, 1988). The presence of marine dinoflagellates throughout the section reflects 
the proximal position this site held to the coast during the transgressions and regressions that 
occurred.  
Acme Brick 1 & 2 
The Acme Brick depositional sequence is characterized as a meandering river system. 
The higher energy sedimentation here could account for the higher numbers of unidentifiable 
pollen and spores. The lower portion of the section (Acme Brick 1) (Figure 33) is dominated by 
ferns of schizeaceous and gleicheniaceous affinities. This could be attributed to a preservation 
bias toward thicker walled fern spores. Also present are angiosperms and Cuppressaceae. 
Cuppressaceae and angiosperms show an inverse relationship at this site, possibly illustrating 
their competition in disturbed habitats, such as fluvial channels (Bond, 1989). The Ephedra and 
bisaccate conifer pollen were probably derived by fluvial input from higher, drier areas.  
The upper portion of the section (Acme Brick 2) (Figure 34) features an increase in 
Cuppresseaceae and bisaccate pollen (Podocarpaceae and Pinaceae families), and cycads, while 
the ferns and angiosperms decreased. This could indicate a switch to a brackish environment, as 
cycads and Cupressaceae are more tolerant of higher salinity than angiosperms and ferns 
(Johnson & Hebda, 2015). An increase in Podocarpaceae and Pinaceae pollen, most likely 
derived from upland areas is notable as well. Although their increased presence may be 
attributed to local environmental variability, it is worth nothing that these two families (in 
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addition to angiosperms) underwent evolutionary diversification during the Cenomanian as well 
(Kelch, 1998).  
  
Bear Creek 
 In terms of pollen composition, the Bear Creek locality is closest to the Acme Brick 2 
section. Ferns, Cupressaceae, cycads and angiosperms are dominant, indicating a brackish, 
swampy environment (Figure 35). The three localities sampled in this study display the 
extensiveness of the coastal flat, which was covered with a subtropical forest canopy. The large 
number of crocodilians found at Bear Creek, as well as other Woodbine localities, suggests these 
coastal ecosystems provided the ideal feeding and breeding grounds for crocodilyforms (Main, 








Figure 30. Lower portion of Locality 360, dominated by cycads, Cuppreseaceae, with lower abundances of 
angiosperms and ferns (modified from Ruckweid et al., 2008) 
Figure 31. Middle portion of Locality 360, dominated by Cuppreseaceae, with lower abundances of 




Figure 32. Upper portion of Locality 360, dominated by angiosperms, including palms, with fewer ferns, cycads 
and Cuppreseaceae (modified from Ruckweid et al., 2008) 
Figure 33. Acme Brick 1, dominated by ferns and angiosperms, with fewer Cupresseacea and cycads present 
(modified from Ruckweid et al., 2008) 
Figure 34. Acme Brick 2, dominated Cupressaceae and cycads, and fewer ferns and angiosperms present 




Figure 35. Paleoecological reconstruction of the Woodbine coastal swamps (Karen Carr, 
http://www.arlingtonarchosaursite.com/photo/photo.html, )  
 69 
 
4.3 Comparisons with previous studies 
Albian Denton Shale Member of Bokchito Formation (Oklahoma) 
 The Bokchito Formation outcrops in Oklahoma and Texas and is part of the Washita 
Group.  This group underlies the Woodbine and provides the opportunity to study the 
paleoecology before the Cenomanian. Wingate (1980) described 193 species of pollen and 
spores from the Denton Shale. Gymnosperms, particularly conifers, were found to dominate the 
assemblages. The diversity of bisaccate pollen is much greater than in the Woodbine samples, 
but there is some overlap. Genera including Rugubivesiculites (Podocarpaceae), Alisporites, 
Cedripites, and Pityosporites (all Pinaceae) are found in both. In comparison to other conifers, 
podocarps are relatively rare in the Denton Shale. This is unlike the Woodbine, where podocarps 
are one of the more abundant conifer types present, and where they could represent the 
Cenomanian podocarp diversification event (Kelch, 1998). Other abundant palynomorphs within 
the Denton Shale include Cycadales, Ephedraceae, and Pteridophyte spores, but angiosperms 
make up only 10.6 percent of the assemblage, notably less than in the Woodbine. Denton Shale 
angiosperms are represented by monosulcate and tricolpate forms. The earliest occurrence of 
tricolporate forms in North America is in the latest Albian in Canada (Singh, 1975), predating 
these Woodbine sediments. The common appearance and larger abundance of angiosperms in the 
Woodbine, including more derived angiosperm forms (tricolporate and triporate) documents the 
radiation and diversification of flowering plants in the Cenomanian. The angiosperm pollen 
found in the Denton Shale also occurred only in near-shore environments, whereas this study 
finds angiosperm pollen in areas past the bay line in upper delta plain environments of the 
Woodbine, reflecting angiosperm dominance in a variety of local environments.  
 The assemblage recorded in Denton Shale sediments as well as in Glen Rose sediments 
(Tanrikulu et al., 2015) indicate a much drier climate than that of the Woodbine, based on 
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abundance of Classopollis and Ephedra pollen, which are rare in the Woodbine. Increased 
rainfall is associated with the late Albian-Cenomanian CO2 driven global warming event, which 
initiated the spread of angiosperms (Coiffard & Gomez, 2012) and resulted in the wet, hot, and 
humid climate in the mid-late latitudes during the Cenomanian. 
Previous Woodbine Palynology Study 
 Hedlund (1966) work in the Red Branch Member of the Woodbine Group documents 
similar diversity as that reported from the Woodbine in Texas, but the abundances of groups 
vary. Spores of the families Gleicheniaceae, Cyathaceae, and Schizaeaceae are abundant in both 
studies. Ferns of these families indicate a warm, sub-tropical to tropical climate. Cycadales are 
rare in the Red Branch, while they are common in this Woodbine study. Cupressaceae are rare in 
the Red Branch and abundant in some of the Texas Woodbine samples. This may be due to 
differences in depositional environments, where the Red Branch lacked the cypress swamps 
present in later Woodbine deposition. Conifer pollen is rare in both Texas and Oklahoma, 
indicating both were far from upland areas where these trees would have grown. Monosulcate, 
tricolpate and tricolporate angiosperm pollen are common in Texas and Oklahoma, however 
monosulcate pollen of palm affinity is lower in abundance in the Red Branch. The absence of 
triporate grains in Oklahoma can be attributed to age; the Red Branch is older than the Woodbine 
sediments in this study. The presence of dinoflagellates in Texas Woodbine sediments and their 






The Ferron-Notom Sandstone 
Akyuz (2014) studied the palynology of the Ferron-Notom sandstone (Turonian) in south 
central Utah. This sandstone unit was deposited along the western margin of the Western Interior 
Seaway (Figure 36). In the late Cretaceous, North America was divided by the Western Interior 
Seaway into the Normapolles Province and Aquilapollenites provinces (Figure 37). The 
Normapolles group is recognized by its triporate pollen morphologies, evolved during the 
Cenomanian and went extinct in the Eocene (Berggren & Couvering, 1984). Aquilapollenites 
differ in having triprojectate morphologies. It evolved on the Western margin of the seaway. The 
presence of triporate pollen of Normapolles affinity (?Pseudoplicapollis sp.), and lack of 
Aquilapollenites, which is documented in the Ferron Sandstone, is consistent with what is 
hypothesized of the evolution of the Normapolles and Aquilapollenites provinces in North 
America.  








Figure 37. Aquilapollenites and Normapolles provinces in North America 








 A detailed palynological analysis of the Cenomanian Woodbine Group from three 
localities was conducted. The sedimentology shows upper and lower delta plain environments 
including meandering fluvial channels, swamps, floodplains, and splays.  The three localities 
exhibit different abundances of plant groups. Locality 360 is inferred to show deposition of delta 
front sand grading into the lower delta plain, which lies below the bayline and is influenced by 
marine processes. This interpretation is based upon the presence of marine dinoflagellates and 
possible presence of pollen with Nypa affinity occurring toward the base of the section, above 
delta front sands. The section is characterized by cycad dominance toward the bottom, cypress 
swamps in the middle, and a palm and an angiosperm dominated ecosystem toward the top. This 
shows the shift of cypress to palm dominant swamps that occurred in this area during the 
Cenomanian, possibly due to a warming event, which allowed angiosperms achieve dominance. 
The Acme Brick quarry exhibits different facies, and was deposited along a meandering river 
system. This high-energy system may be responsible for the higher amount of unidentifiable 
pollen and spores relative to Locality 360, and the bias toward more robust fern spore 
preservation. Regardless, it is clear that angiosperms played an important role in these 
ecosystems. The Bear Creek sample, similar to Acme Brick section, contains a high percentage 
of unidentifiable grains, indicating another possible high-energy depositional environment, and 
bias toward fern spores.  
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 All three localities show that angiosperms made up a major part of the ecosystem during 
the Cenomanian in all depositional environments, and that the climate during this time interval 
was hot, humid and sub-tropical to tropical. This allows for comparison with the older Albian 
strata underlying the Woodbine Group, which has lower percentages of angiosperms and 
represents a cooler, drier climate. The results of this study also document the provinciality across 
the western and eastern margins of the Western Interior Seaway, by showing early Normapolles 
type pollen present in the Woodbine; this has not been documented previously. These data 
further document the Cenomanian as an important time in angiosperm evolution and helps define 










Figure A-1: Trilete Spore Morphotype Group. a. Appendicisporites sp. 1, b. Appendicisporites sp. 2,            
c. Appendicisporites tricornatus, d. Camarozonosporites rudis, e. Cicatricosisporites australiensis,                      
f. Cicatricosisporites venustus, g. Cicatricosisporites crassiterminatus, h. Cicatricosisporites dorogensis,         
i. Cyathidites minor, j. Cyathidites punctatus, k. Deltoidospora halli,l. Dictophyllidites sp.,                            
m. foveotriletes sp., n. Gleicheniidites senonicus, o. Lycopodiacidites irregularis                                             





Figure A-2: Monolete Spore Morphotype group. a. Laevigatosporites 




Figure A-3: Bisaccate Gymnosperm Morphotype group. a. Alisporites 
thomasii, b. Cedripites cretaceous, c. Pitysporites constrictus,                     
d. Rugubivesiculites rugosus, e. Rugibivesiculites reductus, f. 
Punctabivesiculites crassus, g. Granabivesiculites inchoatus,                                 




Figure A-4: Gymnosperm (Other) Morphotype group. a. Exesipollenites  
sp., b. Eucommiidites sp., c. Inaperturopollenites sp., d. 




Figure A-5: Ephedra and Cycad/Ginkgo Morphotype groups. a. Ephedripites 
multicostatus., b. Equisetosporites jansonii., c. Ephedripites virginigensis.,                      




Figure A-6: Liliaceae and Palm Morphotype groups. a. Liliacidites sp.,               
b. Monocolpopollenites tranquillus., c. Palmaepollenites minisculus.,                   




Figure A-7: Tricolpate Morphotype groups. a. Psilatricolpites psilatus, b. Retitricolpites vulgaris.,                         
c. Retitricolpites minutus., d. Retitricolpites virgeus, e.Tricolpites erugatus, f. Tricolpites sp.1,                            




Figure A-8: Tricolporate and Triporate Morphotype groups. a. Nyssapollenites sp.,                         




Figure A-9: Other Angiosperm Morphotype group. a. Stellatopollis largissimus., b. Stellatopollis sp.,  
c. Stephanocolpites tectorious  
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